Abstract The effects of the cholinergic and adrenergic nerve stimulations on amylase release from the segment isolated from the rat parotid gland were investigated, employing the combined techniques of electrical field stimulation (FS) and tyramine application with automated fluorescence method for measuring amylase. The maximum amylase release in response to FS for a short period (1 min) was attained at 16 Hz frequency, 2 ms pulse width and 8 V strength stimulation in the absence of any autonomic antagonist. Periodic short-lasting FS using these parameters at intervals of about 15 min could reproduce similar sizes of amylase release for about 2 h. Continuous long-lasting FS (3 V, 2 ms, 16 Hz) caused a transient sharp increase in amylase release followed by a sustained one. The FS-evoked amylase release was completely abolished by tetrodotoxin (TTX) (10 -' g/ml) and markedly reduced by atropine (7 x 10_6 M) or by propranolol (10 -5 M), while it was scarcely affected by hexamethonium (3 x 10 _ 4 M) and phentolamine (10 -5 M). The maximum stimulus frequency of short-lasting FS for amylase release in the presence of propranolol was similar to that (16 Hz) in the control, but it was higher (32 Hz) in the presence of atropine. Reduced response in amylase release to FS by propranolol was completely restored by the superimposed addition of dibutyryl cyclic AMP (104M). Application of tyramine (5 x 10 -4 M) evoked amylase release in the presence of atropine, which was blocked mostly by propranolol and partly by phentolamine, while tyramine was ineffective in the tissue segment from rats pretreated with 6-hydroxydopamine. From these results the following were suggested; that the intrinsic cholinergic neurotransmitter activates a muscarinic receptor of the acinar cell, while the adrenergic neurotransmitter stimulates mainly a f-adrenergic and partly an a-adrenergic receptor, resulting in amylase release.
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Acinar cells of rat parotid gland are innervated by both cholinergic and adrenergic nerves (EMMELIN, 1976; YOUNG and VAN LENNAP, 1978) . Electrical stimulation of the preganglionic cholinergic nerve causes copious secretion of saliva containing small amounts of protein; postganglionic adrenergic nerve stimulation causes a smaller secretion of saliva containing large amounts of protein (SCHNEYER et al.,1972) . In addition there is evidence for the presence of the non-cholinergic and non-adrenergic secretory nerve in this gland, of which the transmitter is substance P (GALLACHER, 1983) . There exist four receptors pharmacologically classified into muscarinic, a-adrenergic, peptidergic, and /3-adrenergic receptors on the acinar cell membrane, and all of the receptor stimulation evokes amylase release from the acinar cells. Direct stimulation of muscarinic, a-adrenergic, or peptidergic receptor evokes amylase release via an increase in intracellular Ca concentration, whereas /3-adrenergic receptor stimulation evokes amylase release via an increase in cytosolic cyclic AMP (see BUTCHER and PUTNEY, 1981; GALLACHER and PETERSEN, 1983) .
Previous studies on autonomic nerve stimulations in vivo have indicated that parasympathetic nerve stimulation evokes amylase release through muscarinic receptor activation and sympathetic nerve stimulation evokes amylase release predominantly through f3-adrenergic receptor activation (GARRETT and THULIN, 1975; ASKING et al., 1979; JIRAKULSOMCHOK and SCHNEYER, 1979) . Recent employment of the combined techniques of electrical field stimulation (FS) and of the automated fluorescence method for measuring amylase release, has enabled investigation of the functional innervation of the rat parotid in vitro (GALLACHER, 1983; FULLER and GALLACHER, 1984) . Their studies have revealed that FS could stimulate peptidergic secretory nerves as well as cholinergic and adrenergic nerves, and adrenergic-receptor-regulated amylase release in response to nerve stimulation was mediated through mainly a /3-adrenergic receptor activation.
In the present report we studied the effects of autonomic nerve stimulations on amylase release from the rat parotid gland in vitro, employing the techniques similar to those described by GALLACHER (1983) and applying tyramine, a releasing drug for the adrenergic neurotransmitter. Our aims were to find (1) effective stimulus conditions for amylase release by adrenergic and/or cholinergic nerves, (2) receptor mechanism of adrenergic nerve stimulation, and (3) mechanism of interaction between cholinergic and adrenergic nerve stimulations. A preliminary report on some of the findings has already appeared (KATOH et al., 1984) .
MATERIALS AND METHODS
The parotid glands were isolated from female Wistar rats (180-280 g), and cut into small segments with a pair of scissors in a tris (hydroxymethyl) aminomethane Amylase concentration in the effluent was automatically and continuously assayed and recorded with a method similar to that previously described in detail by MATTHEWS et al. (1974) . Schema of the method is illustrated in Fig. 1 . This method utilizes a fluorogenic amylopectin as a substrate, and analysis depends on the amount of dialyzable fluorogenic products digested by amylase. The starch labelled with fluorescence was prepared by the method of MELTRETTER (1969) . The fluorescence intensity of fluorogenic product was measured with a fluorometer (type J4-8950, Aminco-Bowman, U.S.A.) and recorded on a pen recorder (type 3083, Yokogawa, Japan). In our measurement system the generation of fluorescence was a linear function of amylase concentration up to 3.0 U/ml. a-Amylase (type VI-A, Sigma, U.S.A.) was used for calibration of amylase activity.
Electrical field stimulation (FS) was carried out by applying square pulses of voltage of the tissue segment through the platinum electrodes connected to the output of an electronic pulse generator (type 3F37, San-ei, Japan) in the presence or absence of autonomic antagonist, in order to excite the intrinsic cholinergic and/or adrenergic nerves in the tissue. In some cases latent periods of amylase release evoked by FS from the tissue segment were estimated from separated measurements of the sum of instrumental and biological latent periods and of instrumental period. The instrumental latent period indicates a lag between the time of injection of an aamylase-containing solution into the tissue chamber stream and detection of Vol. 36, No. 2, 1986 Fig. 1. Schema illustrating the automated fluorescence method for measuring amylase release from a small piece of the parotid segment. The tissue segment was held between platinum stimulating electrodes of about 0.5 mm diameter. TSS represents Tris-buffered superfusing solution. Recipient solution represents a saline solution (0.9% NaCI) containing detergent and adjusted pH to 7.0 by Tris-buffer (10mM). The number on the pump tubes represents the flow rate (ml/min).
fluorescence rise. Stimulation with tyramine was carried out by superfusing the tissue with a solution containing tyramine in order to investigate the effects of endogenous catecholamines on amylase release from the superfused segments isolated from normal and 6-hydroxydopamine-injected rats. 6-Hydroxydopamine (100 mg/kg of body weight) was intraperitoneally injected 24 h before the experiment to degenerate selectively the catecholaminergic nerve terminals (SACHS and JOHNSON, 1975) . The composition of Tris-buffered superfusing saline solution was as follows (mM): NaCI 125, KCI 4.7, MgC12 1.13, CaCl2 2.56, tris (hydroxymethyl) aminomethane 0.91, tris (hydroxymethyl) aminomethane HCl 4.82, D-glucose 2.8, Napyruvate 4.9, Na-glutamate 4.9, Na-fumarate 2.7. The solution was gassed with pure oxygen. The pH of the solution was 7.4.
Drugs used were hexamethonium Cl, eserine, atropine sulfate, tyramine HCl (Wako Pure Chem., Japan), propranolol HCI, 6-hydroxydopamine Br (Sigma, U.S.A.), tetrodotoxin (Sankyo, Japan), phentolamine mesylate (Ciba, Switzerland), and dibutyryl cyclic AMP (Boelinger-Mannheim, West Germany).
RESULTS
Amylase release evoked by electrical field stimulation (FS) in the control solution Stimulation for a short period. FS with various pulse strength, width or frequency was applied for 1 min as shown in Fig. 2 , to find out the most effective stimulus condition. Threshold of FS for excitation of the intrinsic secretory nerves was 0.2 Hz pulse frequency, 1.2 V strength and 25 µs width. The maximum response in amylase release was attained by 8-16 Hz, l-2 ms, and 8 V stimulus condition (Fig.  3) . Stimulations with higher strength or longer width rather reduced the secretory response. Periodic FS using 16 Hz, 1 ms and 7 V at intervals of about 15 min could reproduce similar sizes of amylase release for about 2 h (Fig. 4) . The mean latent period for amylase release from the tissue segment evoked by FS using this stimulus condition was 25s (18-32 s); a typical example is shown in Fig. 5 . This value was very long, compared to that for the FS-evoked potential respone (200-400 ms) from the mouse parotid acinar cells described previously (NISHIYAMA et al., 1980; GALLACHER and PETERSEN, 1980) . This may imply that a considerable part of the latent period might be spent coming out from the acinar lumen to the medium through the ductule system, although we do not know the exact time for the stimulus-secretion coupling for amylase release in the acinar cells.
Sustained stimulation. Submaximal FS (16 Hz, 1 ms, 3 V) was applied for about 50 min to see the effect of sustained FS on amylase release from the parotid tissue segment. Sustained stimulation evoked an initial sharp increase in amylase release, which was followed by a reduced but sustained release as shown in Fig. 6C .
Effects of tetrodotoxin (TTX) and ganglion blocker on amylase release evoked by FS Amyase release evoked by the maximal FS for a short period was promptly AMYLASE RELEASE FROM RAT PAROTID SEGMENT 309 Fig. 2 . Effects of different conditions of electrical field stimulation (FS) for a short period of time (1 min) on amylase release from the rat parotid segment superfused with a control saline solution. In A, the pulse width of FS was changed in ranges between 25 µs and 5 ms with a constant frequency and strength (16 Hz, 8 V) . FS was applied during the period indicated by the black square. In B, the pulse strength was changed in ranges between 1 and 10 V with a constant pulse frequency and width (16 Hz, 1 ms). In C, the frequency was changed in ranges between 0.5 and 32 Hz with a constant pulse width and strength (2 ms, 8 V).
K. KATOH and A. NISHIYAMA abolished by TTX (10-' g/ml) as shown in Fig. 6A . The FS-evoked amylase release was also rapidly blocked by omitting Ca from the superfusing solution (data not shown). These effects were reversible. Hexamethonium (C6, 3 x 10 _ 4 M) and curare (4 x 10-6 M, data not shown) did not affect the FS-evoked amylase release (Fig. 6B) . Similar results on the effects of TTX or C6 were observed in the amylase release evoked by sustained FS (Fig. 6C) . The results of TTX and C6 suggest that amylase release evoked by FS may be caused by the excitation of the autonomic postganglionic nerve fibers. Similar results were obtained in our previous studies on the activation of K transport by FS in the rat submaxillary gland in vitro (KATOH et al., 1986) .
Effects of cholinergic and adrenergic antagonists on amylase release evoked by FS
The amylase release evoked either by short-lasting or by long-lasting FS was reduced by the addition of atropine (7 x 10-6 M) or by propranolol (10-5 M) and completely disappeared in the presence of both antagonists ( Fig. 7A and B) . The FS-evoked amylase release was little affected by phentolamine (10 -5 M). The FSevoked amylase release in the presence of propranolol and phentolamine was enhanced by the superimposed addition of eserine (3.6 x 10-6 M) (Fig. 7C) .
These results suggest that the FS-evoked amylase release may be a response through simultaneous excitation of the postganglionic cholinergic and adrenergic nerve fibers, and that cholinergic nerve excitation evokes amylase release through a Japanese Journal of Physiology muscarinic receptor activation, while adrenergic nerve excitation evokes amylase release through a /3-adrenergic stimulation.
The dependency of amylase release on the stimulus frequency of FS was little affected by adrenergic blockers. However, it was considerably changed in the presence of atropine: the maximum response was obtained with FS of 30-50 Hz (Fig. 3) .
Effects of dibutyryl cyclic AMP (db-cAMP) on amylase release evoked by FS in the presence of adrenergic antagonists As shown in Fig. 8A , amylase release evoked by short-lasting FS was reduced to a level below 30% of the control by superfusing a solution containing propranolol and phentolamine. In other experiments atropine (7 x 10-6 M) similarly reduced the response to 30% (data not shown). The reduced responses in the presence of adrenergic blockers were, however, completely restored by the superimposed addition of db-cAMP (10 _4 M), which caused only a slight amylase release by itself. The reduced response in amylase release to sustained FS was also fully restored by the application of db-cAMP (Fig. 8B) .
Effects of tyramine on amylase release
Application of tyramine (5.7 x 10-4 M), which caused the maximal response in K transport in the submaxillary segments (KATOH et al., 1986) , evoked amylase release from the parotid segment of the control rats. Amylase release evoked by the Japanese Journal of Physiology tyramine application was blocked partly by the addition of phentolamine (10 -5M) but mostly by propranolQl (5 x 106 6 M) (Fig. 9A) . The result suggests that endogenous noradrenaline released from the adrenergic nerve terminal by tyramine application stimulates a-adrenoceptor as well as /3-adrenoceptor. However, in the tissue segments of gland isolated from rat pretreated with 6-OHDA, application of tyramine (5.7 x 10_4 M) failed to cause amylase release, A. Control but exogenously applied noradrenaline (3 x 10-6 M) caused a large amount of amylase (Fig. 9B) . The result suggests that 6-OHDA treatment may cause degeneration of the peripheral adrenergic neurons, resulting in disappearance of catecholamine release from the nerve terminals cuased by tyramine application, but may not influence the responsiveness to noradrenaline. phentolamine may result from muscarinic receptor activation by endogenous ACh released from the cholinergic nerve terminals, while amylase release evoked either by FS or by tyramine application in the presence of atropine may mainly result from f3-adrenoceptor activation by endogenous noradrenaline released from the adrenergic nerve terminals. Recently GALLACHER (1983) showed the possibility of substance P as a candidate of neurotransmitters. He found the non-cholinergic and nonadrenergic responses evoked by FS in the parotid segments of rat. In the present study, however, we could not show the presence of non-cholinergic and nonadrenergic responses. The reason for our failure might be explained by the difference in experimental conditions such as stimulus voltage, tissue weight, or strain used. The dependency of amylase release on the stimulus frequency of cholinergic nerve in the present in vitro study was similar to that in the previous in vivo studies (GARRETT and THULIN, 1975; SCHNEYER, 1979) . The maximal response was attained by stimulation at a frequency of 16-20 Hz in the present in vitro and previous in vivo studies. In contrast to the response to cholinergic nerve stimulation, there is a considerable difference in response to adrenergic nerve stimulation between present and previous studies. In the present in vitro study the maximal response was attained at 32 Hz, while the most effective stimulus frequency was 10-20 Hz in the previous in vivo studies (GARRETT and THULIN, 1975; JIRAKULSOMCHOK and SCHNEYER, 1979) . We do not know of any evidence explaining this difference.
The present study on FS in the presence of atropine showed that adrenergic nerve stimulation evoked amylase release mainly through /3-adrenoceptor activation. This in vitro result is in agreement with previous in vivo reports that /3-adrenoceptor activation is predominant in protein and fluid secretion evoked by sympathetic nerve stimulation in the rat parotid (ASKING et al., 1979; JIRAKULSOMCHOK and SCHNEYER, 1979) and submaxlllary (THULIN, 1976) glands. Furthermore, the result that tyramine (5.7 x 10-4 M) application evoked amylase release through a-adrenoceptor activation as well as /3-adrenoceptor is consistent with our previous suggestion in K transport study that tyramine at this concentration induced fluid secretion by activating both a-and /3-receptors (KATOH et al., 1986) . The difference in the responses between FS and tyramine application could be explained by our previous conclusion that exogenously applied noradrenaline activates mainly /3-adrenoceptor at low concentrations, but activates both a-and /3-receptors at higher concentrations (KATOH et al., 1983) .
In the present study, the short-lasting-FS-evoked amylase release was reduced to a level below 30% of the control either by adrenergic antagonists or by muscarinic antagonist. Thus, the sum of separate cholinergic and adrenergic nerve effects on amylase release was less than that of both. Therefore, the response of amylase release evoked by the FS in the absence of any autonomic antagonists may be an augmented response. There are several reports on the augmented amylase release in the rat parotid gland in vivo and in vitro. Simultaneous stimulation of both sympathetic and parasympathetic nerves leads to the enhanced amylase release K. KATOH and A. NISHIYAMA compared with the sum of the two separate effects (ASKING et al., 1979; TEMPLETON, 1980a) . The combination of cholinergic agonist with /3-adrenergic agonist also causes the augmented secretion in the superfused parotid segments (TEMPLETON, 1980b) . However, we could not deny another possibility that exogenously applied db-cAMP might enhance neurotransmitter release from the cholinergic nerve endings. The result that the reduced response to FS by addition of /3-adrenergic antagonist was completely restored by a low concentration of db-cAMP implies that intracellular accumulation of cyclic AMP via j3-adrenoceptor activation might be important for the augmented amylase secretion. However, intracellular mechanism of the augmented secretion is not clear (see BUTCHER and PUTNEY, 1981) . The combined techniques of FS, particularly periodic short-lasting FS, with automated fluorescence assay for measuring amylase would be useful for studying neuro-glandular cell transmission in the parotid and exocrine pancreatic glands. The technique would give us further information on the exocrine gland physiology and pharmacology. 
